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Abstract 
 
We present mid-infrared (MIR) photometry for 367 Galactic disk, bulge 
and Large Magellanic Cloud (LMC) planetary nebulae, determined 
using GLIMPSE II and SAGE data acquired using the Spitzer Space 
Telescope. This has permitted us to make a comparison between the 
luminosity functions of bulge and LMC planetary nebulae, and between 
the MIR colours of all three categories of source. It is determined that 
whilst the 3.6 µm luminosity function of the LMC and bulge sources are 
likely to be closely similar, the [3.6]-[5.8] and [5.8]-[8-0] indices of LMC 
nebulae are different from those of their disk and bulge counterparts. 
This may arise because of enhanced 6.2 µm PAH emission within the 
LMC sources, and/or as a result of differences between the spectra of 
LMC PNe and those of their Galactic counterparts. We also determine 
that the more evolved disk sources listed in the MASH catalogues of 
Parker et al. and Miszalski et al. (2008) have similar colours to those of 
the less evolved (and higher surface brightness) sources in the 
catalogue of Acker et al. (1992); a result which appears at variance 
with previous studies of these sources.  
 
Key Words: planetary nebulae: general --- infrared: ISM 
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1. Introduction 
 
The MIR fluxes of planetary nebulae (PNe) depend upon a broad 
range of emission mechanisms, including warm dust continuum 
emission, emission associated with PAH bands and plateau features, 
ionic and atomic permitted and forbidden line transitions, the 
quadrupole transitions of H2, and the underlying free-free and bound-
free components of gaseous continuum emission. Given that at least 
certain of these components depend upon the degree of excitation of 
the gas, the mass and evolutionary status of the shells, the presence 
or otherwise of shock and fluorescent excitation, and the chemical 
composition of the progenitors, it follows that MIR spectra may vary 
appreciably between differing nebular outflows. 
 
In particular, we note that the abundances of Galactic bulge PNe 
(GBPNe) differ from those of Galactic disk sources (GDPNe), tending 
as they do to have slightly higher metallicities (e.g. Wang & Liu 2007; 
Maciel et al. 2006; Gorny et al. 2004; although see also Exter et al. 
(2004) and Casassus et al. (2001), where it is noted that O/H ratios are 
indistinguishable within rather large error limits), lower C/O ratios 
(Wang & Liu 2007; Casassus et al. 2001), and differing abundance 
trends for other elements indicative of markedly different evolutionary 
histories (see e.g. Cuisinier et al. 2002). It has also been noted that the 
sources are likely to possess differing radial trends in abundance 
gradient; that bulge sources have a larger incidence of oxygen rich 
features, such as the crystalline silicate bands at ~ 26-36 µm (Perea-
Calderón et al. 2009; Gutenkunst et al. 2008; Casassus et al. 2001); 
and that a larger fraction of bulge sources sport both oxygen and 
carbon rich features in the MIR (Gutenkunst et al. 2008). Indeed, such 
mixed features appear to be present in all of the 26 sources 
investigated by Perea-Calderón et al. (2009). 
 
The GDPNe are noted for radial gradients in abundance, with those 
located close to the Galactic centre having higher metallicities (see e.g. 
Martins & Viegas (2000); Maciel & Quireza (1999), Maciel & Koppen 
(1994); Pasquali & Perinotto (1993); Amnuel (1993); Samland et al. 
(1992); Koppen et al. (1991); and Faundez-Abans & Maciel (1986)). 
This is attributed to the synthesis of elements over the lifetime of the 
Galaxy, and the varying degrees to which they enrich the interstellar 
medium, and affect the abundances of the progenitors. 
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Finally, and at the other extreme, it has been noted that PNe within  the 
Magellanic Clouds have metallicities which are between ~0.25 dex 
(LMC) and ~0.5 dex (SMC) lower than those of GDPNe (Maciel et al. 
2006, 2008; Chiappini et al. 2008); a disparity which may lead to 
differences in ionising fluxes, central star luminosities, emission line 
strengths, and grain formation and emission characteristics. 
 
It is therefore of interest to explore such influences upon the MIR 
characteristics of the nebulae, a program which may be undertaken 
through either spectroscopy [see e.g. Gutenkunst et al. (2008) and 
Perea-Calderón (2009) for bulge nebulae, Bernard-Salas et al. (2005) 
and Stanghellini et al. (2007) for LMC and SMC PNe, and Hora et al. 
(2004) and Phillips & Ramos Larios (2008a) for GDPNe] or broad-band 
photometry and mapping [see e.g.  Hora et al. (2008) for LMC sources, 
and Phillips & Ramos-Larios (2008a, b); Ramos-Larios & Phillips 
(2008a, b); Hora et al. (2004); Cohen et al. (2007a); Su et al.(2004, 
2007); and Ueta (2006) for GDPNe]. 
 
We shall, in the following, be adding to these latter data bases, and 
investigating the MIR colours of GBPNe contained within the catalogue 
of Van de Steene & Jacoby (2001); of LMC nebulae in the catalogue of 
Reid & Parker (2006); and of disk PNe listed in the catalogues of Acker 
et. al. (1992), Parker et al. (2006; MASH I) and Miszalski et al. (2008; 
MASH II). These latter catalogues refer to nebulae having a large 
range of evolutionary states, from the predominantly less evolved and 
higher surface brightness sources of Acker et al. (1992), to the larger, 
more evolved, and predominantly lower surface brightness nebulae of 
the two MASH catalogues. 
 
We shall compare the colours and magnitudes of these disparate 
groups of nebulae, and note a broad range of similarities and a variety 
of differences. We shall also note a difference between the 
characteristics of our present MASH nebulae, and the results of 
previous analyses of these sources.  
 
2. The Observational Data Base 
 
We have acquired photometry and mapping of a wide range of Galactic 
disk, Galactic bulge, and LMC planetary nebulae using data deriving 
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from the second Galactic Legacy Infrared Midplane Survey 
Extraordinaire (GLIMPSE II) (Benjamin et al. 2003), and the program 
Surveying the Agents of a Galaxy’s Evolution (SAGE; Meixner et al. 
2006). Both of these surveys were undertaken using the Spitzer Space 
Telescope (SST; Werner et al. 2004). Details of the instrumentation 
and data processing for these programs have been described in 
previous publications (see e.g. Hora et al. 2004, 2008; Phillips et al. 
2008a, b), and we shall note only the most salient features of 
importance to this analysis. 
 
The catalogues and mosaics of the GLIMPSE II project were published 
over a period extending between 2007 and the Spring of 2008, and 
cover approximately 25 square degrees of the Galactic plane within the 
regimes 350° < l < 10°, and -2° < b < +2°.The mapping was undertaken 
using the Infrared Array Camera (IRAC; Fazio et al. 2004), and 
employed filters having isophotal wavelengths (and bandwidths ∆λ) of 
3.550 µm (∆λ = 0.75 µm), 4.493 µm (∆λ = 1.9015 µm), 5.731 µm (∆λ = 
1.425 µm) and 7.872 µm (∆λ = 2.905 µm). The spatial resolution varied 
between ~1.7 and ~2 arcsec (Fazio et al. 2004), and is reasonably 
similar in all of the bands, although there is a stronger diffraction halo 
at 8 µm than in the other IRAC bands. This leads to differences 
between the point source functions (PSFs) at ~0.1 peak flux. The maps 
were published at a resolution of 0.6 arcsec/pixel.  
 
Further details of the GLIMPSE data processing are provided in 
http://www.astro.wisc.edu/sirtf/glimpse1_dataprod_v2.0.pdf. 
 
We have used these recent GLIMPSE II results to undertake 
photometry and mapping of PNe close to the projected location of the 
Galactic centre. The positional listing of the nebulae derives from four 
principal catalogues. In the first place, the Acker et al. (1992) catalogue 
of Galactic PNe contains all of the sources identified prior to 1992. 
Most of these have reasonably high surface brightnesses, and 
correspond to less evolved nebular outflows, although there is also a 
sprinkling of larger, fainter, and (usually) higher Galactic latitude 
sources which correspond to later phases of nebular evolution. The 
fraction of the latter, more evolved sources is relatively small, however, 
and is expected to be even smaller within our present Galactic centre 
sample. 
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More recently, this list has also been supplemented by the so-called 
MASH I and MASH II catalogues of Parker et al. (2006) and Miszalski 
et al. (2008). These sources were detected as a result of investigation 
of the Anglo-Australian Observatory UK Schmidt Telescope 
(AAO/UKST) Hα survey of the southern Galactic plane (Parker et al. 
2005), and represent outflows which are mostly larger, fainter, and 
correspond to more evolved nebular shells. 
 
Insofar as we can make a judgement based upon Hβ or radio fluxes, 
and the angular sizes of the nebular shells, it appears that few if any of 
the present MASH and Acker et al. sources correspond to GBPNe. We 
shall be assuming that the large majority of these nebulae correspond 
to foreground disk PNe – many possibly located in the inner Galactic 
disk, where metallicities are higher. 
 
The fluxes of the sources have been measured using a variety of 
circular or elliptical apertures, and employing GLIMPSE II FITS pipeline 
images. Backgrounds were estimated for nearby regions of sky, and 
using the same aperture sizes and shapes as were used to determine 
the total nebular fluxes. These were then subtracted from the nebular 
results, and the fluxes converted to magnitudes using the Vega 
calibration of Reach et al. (2005). 
 
Whilst such results are entirely reasonable where source sizes are 
small (< 8-9 arcsec), scattering of light in the array focal plane affects 
larger aperture measurements – an effect which is particularly 
important at 5.0 µm and 8.0 µm, and may arise due to scattering in an 
epoxy layer between the detector and multiplexer (Cohen et al. 2007b). 
It is therefore necessary to modify fluxes as described in Table 5.7 of 
the SST IRAC handbook (see e.g. http://ssc.spitzer.caltech.edu/irac/ 
dh/iracdatahandbook 3.0.pdf), and this leads to corrections of 
maximum order 0.944 at 3.6 µm, 0.937 at 4.5 µm, 0.772 at 5.8 µm and 
0.737 at 8.0 µm. We have applied these changes for the larger sources 
considered here. However, the precise values of these corrections also 
depend on the underlying surface brightness distribution of the source, 
and for objects with size ~several arcminutes it is counselled to use 
corrections which are somewhat smaller (i.e. between the values cited 
above and unity). The handbook concludes that “this remains one of 
the largest outstanding calibration problems of IRAC”. 
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It is therefore possible that some of the photometry for the larger 
sources may have been over-corrected, although errors are unlikely to 
exceed a tenth of a magnitude or so – and are certainly insufficient to 
radically affect the analysis below. 
 
Finally, errors in these fluxes tend to be dominated by uncertainties in 
sky and nebular subtraction. In particular, sky background fluxes may 
be afflicted by weak stellar emission, sometimes barely discernable in 
images of the fields; variable levels of diffuse Galactic emission 
(particularly important at wavelengths ≥ 8 µm); and components arising 
from photon and instrumental noise. We have determined these 
contributions in assessing the errors quoted in Tables 1& 2, estimating 
the most important of these (background subtraction) by measuring the 
sky at a variety of locations about the sources. 
 
The corresponding photometry for 26 Acker et al. (1992), and 20 
MASH I & II sources are listed in Table 1, where we specify the 
Galactic coordinates of the sources (column 1), the source catalogue 
(column 2); the name of the source (column 3), and 3.6 µm to 8.0 µm 
photometry and associated errors (columns 4 to 11). 
 
Some of the first identifications of Galactic Bulge PNe were undertaken 
by Pottasch & Acker (1989), selected on the basis of their proximity to 
the Galactic centre, small angular dimensions and low Hβ flux levels. 
Subsequent listings of these sources have been provided by Beaulieu 
et al. (1990) and Van de Steene & Jacoby (2001), whilst a catalogue of 
a further 400 sources has been described by Acker et al. (2006). Most 
of these listings are either unavailable at present (viz. the case of the 
Acker et al. catalogue), or refer to nebulae which are, for the most part, 
located outside of the limits of the GLIMPSE II survey. An exception in 
this respect is the survey of Van de Steene & Jacoby (2001), in which 
the authors identified 64 sources in the radio continuum at 3 and 6 cm. 
We have determined IRAC photometry for approximately half of these 
sources, using data deriving from the GLIMPSE II PSC. For the 
remaining cases, we have determined MIR photometry from GLIMPSE 
imaging results, and using the procedures described above; a strategy 
which is necessary where the sources are appreciably extended, or 
have fluxes falling below the inclusion limits of the PSC. Photometry for 
these sources is listed in Table 2, where the sequencing of the 
columns is similar to that in Table 1. 
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Finally, Hora et al. (2008) have published equivalent photometry for 
nebulae within the LMC, making use of data products deriving from the 
Spitzer SAGE program (Meixner et al. 2006). In this case, the IRAC 
instrument, and the Multiband Imaging Photometer for Spitzer (MIPS; 
Reike et al. 2004) were used to perform an unbiased ~7°x7° survey 
centred on the LMC. The catalogue of Hora et al. contains some 275 
sources, and makes use of the listing  provided by Leisy et al. (1997).  
Reid & Parker (2006) have subsequently published positions for a 
further 460 new possible, likely or true PNe, however, and we have 
determined Spitzer and 2MASS magnitudes for these sources using 
the SAGE PSC. This catalogue, corresponding to the version 
published in Winter of 2008, is described as being “more reliable” than 
previous versions of the document; it includes sources having a S/N > 
10 at 8 µm, and > 6 in the other wavebands, and excludes near-
neighbour detections within a radius of 2 arcsec of the sources. It is 
clear however that not all of the gremlins have been successfully 
removed, and there is some duplication of photometry for certain of the 
sources. 
 
We have identified MIR sources within 3 arcsec of the positions listed 
by Reid & Parker (2006), and assumed that the PNe correspond to the 
MIR detections with smallest positional offsets. The mean positional 
displacement is found to be 1.0 arcsec. 
 
Details of the photometry are listed in Table 3, with the first column 
giving the number of the source in the catalogue of Reid & Parker, 
followed by the Galactic position (columns 2 and 3), the name and 
status of the source (columns 4 & 5; where T ≡ True, P ≡ Possible, and 
L ≡ Likely), and photometry and associated errors (columns 6-19). The 
final column gives the displacement between the SAGE source 
position and the catalogue coordinates of Reid & Parker (2006). 
 
We shall, for the purposes of the following analysis, fold this 
photometry in with the results of Hora et al. (2008), yielding a sample 
of some 178 nebulae for which photometry is available in all four of the 
IRAC bands. These results will subsequently be analysed within 
colour-colour and colour-magnitude planes, as described in Sects. 3 & 
4. 
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3. The MIR Colour-Magnitude Diagrams 
 
Hora et al. (2008) have undertaken an MIR colour-magnitude analysis 
for PNe located in the LMC and Galactic disk, taking account of the 
differing distance moduli of the respective groups of sources. Although 
such an analysis is certainly of interest, and leads to some intriguing 
results, it relies upon the extremely uncertain distances to the GDPNe. 
It would be more useful, under these circumstances, to compare the 
relative distributions of sources for which distances to the nebulae are 
reasonably well established. 
 
We have undertaken such an analysis in Figs. 1 and 2, where we 
compare the distribution of LMC PNe (indicated by the smaller blue 
disks) with those of the GBPNe (larger red disks). In this case, the 
magnitudes of the LMC nebulae have been modified so as to 
correspond to the values they would have at the Galactic centre; where 
the distance to the LMC is assumed to be 48.1 kpc (Macri et al. 2006), 
and that of the Galactic centre is 7.62 ± 0.32 kpc (Eisenhauer et al. 
2005). Subsequent to undertaking this analysis, we noted the 
publication, by the same team of authors, of an upgraded distance  
8.33 ± 0.35 kpc (Gillessen et al. 2008), suggesting that the distance to 
the centre is still very much a work in progress. This difference in 
distances may imply the need for a further correction of ~ 0.2 mag 
when comparing LMC and bulge PNe luminosities.  
 
Finally, we have also shown the completeness limits of the SAGE 
survey at 3.6 and 8.0 µm, below which source detection efficiencies 
are appreciably reduced. The values for these limits are taken from the 
SAGE delivery document at http://irsa.ipac.caltech.edu/data 
/SPITZER/SAGE/doc/SAGEDataDescription_Delivery2.pdf, and are 
important in defining the apparent distribution of LMC PNe. 
 
Several differences may be noted between the distributions of bulge 
and LMC sources. It is clear for instance that the GBPNe lie 
predominantly in the range [3.6] > 9 mag and [3.6]-[8.0] < 3 – a regime 
which is below the 8 µm completeness limit of the LMC PNe. It is 
therefore apparent that if the [3.6] luminosity functions of the 
populations are in any way comparable, then we are failing to measure 
a very large fraction of the Magellanic PNe. 
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Note in this respect that differences of extinction are unlikely to affect 
this comparison between the sources. Even where there is a difference 
of ∆AV = 10 mag between the extinctions of the bulge and LMC 
sources, for instance, the relative shifts of the populations would be 
reasonably modest (see the corresponding reddening vector in Fig. 1) 
We shall later provide evidence that differences in extinction may in 
fact be very much less (see Sect. 5). Similarly, although some of the 
scatter along the vertical axis may arise from differences in line-of-sight 
distance, this is unlikely to be greater than ∆[3.6] ~ 0.35 mag, and will 
be comparable for both of the populations. 
 
Despite the fact that the LMC sample is far from complete, and the 
GBPNe may be magnitude limited because of corresponding radio 
detection limits, it is clear that the 3.6 µm luminosity functions of the 
bulge and Magellanic sources are very closely comparable, and peak 
close to [3.6] = 12.5 mag (Fig. 3). The somewhat slower fall-off of LMC 
sources to lower 3.6 µm luminosities (i.e. higher magnitudes [3.6]) may 
be attributable to the incompleteness of the sample having [3.6] > 12 
mag – and the corresponding reduction that this causes in peak source 
fractions. 
 
It may finally be noted that although the range in [3.6] magnitudes is of 
order ~5 mag for the GBPNe, there appears to be little correlation 
between the 3.6 µm magnitude on the one hand, and the [3.6]-[8.0] 
index on the other. The levels of dispersion, and mean value of [3.6] 
appear to be reasonably invariant and independent of the colour. 
 
Somewhat similar results apply for the LMC sources as well, although 
our analysis is compromised by the relative incompleteness of the LMC 
sample. 
 
The various tendencies noted above are also apparent when one 
compares the [8.0] and [3.6] magnitudes directly, as in Fig. 4. Although 
the sample of bulge nebulae is comparatively small (see the upper 
panel), that of the LMC nebulae is very much larger (lower panel). 
 
It is apparent, from the LMC sample, that providing that [3.6] > 11 and 
[8.0] > 8, then there is very little variation in [3.6]-[8.0] colours as a 
function of either of these magnitudes. Furthermore, it is clear that the 
[3.6]-[8.0] index is very tightly constrained, and takes a maximum value 
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close to ~3.8 mag. This presumably indicates the presence of an upper 
limit flux difference attributable to the 7.7 and 8.6  µm PAH band 
features. 
 
The trend between the 4.5 and 3.6 µm magnitudes (black diamonds), 
by contrast, follows a linear relation about the free-free locus (indicated 
by the diagonal dashed line). It will be noted that there is a 
considerable scatter about this trend, with nebular points located along 
two closely parallel and overlapping lines. These two trends represent 
pure gaseous (upper trend), and dominant stellar emission (lower 
trend). The fact that the gaseous trend is ~0.3 mag higher than the 
bremsstrahlung relation presumably arises due to extra components of 
flux in the 4.5 photometric band, such as Brα, [Ar VI] and [Mg IV], and 
some shift in values due to interstellar extinction. 
 
The corresponding variation of [3.6]-[8.0] colours with 8.0 µm 
magnitudes is illustrated in Fig. 2. Here again, the limited 
completeness of the 8.0 µm SAGE sample greatly constrains the 
distribution of LMC sources, and very few nebulae possess [8.0] > 9.5 
mag (≡ [8.0] > 13.5 mag at the distance of the LMC). This constraint 
upon sample sizes is more severe than was the case at 3.6 µm, and 
leads to a marked difference between the luminosity functions of the 
bulge and LMC sources (Fig. 3). 
 
Finally, it is worth noting that the bulge sources show a systematic 
trend of [3.6]-[8.0] colour with 8.0 µm magnitude, a variation which is 
particularly evident where [3.6]-[8.0] > 3.0. 
 
4. The Colour-Colour Diagrams 
 
Unlike the case of the magnitude-colour diagrams, the colour-colour 
diagrams enable us to make direct comparisons between all four 
groupings of source considered here - the LMC PNe, the GBPNe, and 
the MASH and Acker et al. populations of the GDPNe. Even in this 
case, however, some care must be taken in interpreting the results, 
and trends within the colour plane may be influenced by the magnitude 
completeness limits described above. 
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We shall consider the distributions of sources within the [3.6]-
[4.5]/[4.5]-[8.0] (Fig. 5), and [3.6]-[4.5]/[5.8]-[8.0] and [5.8]-[8.0]/[4.5]-
[5.8]  planes (Fig. 6) separately below.  
 
4.1 The [3.6]-[4.5]/[4.5]-[8.0] Colour Plane 
 
It is clear, from Fig. 5, that all of the sources occupy a similar regime of 
the [3.6]-[4.5]/[4.5]-[8.0] colour plane. There are however differences, 
and these help in defining the emission mechanisms responsible for 
these trends. In the first place, although it is clear that the ranges of 
[3.6]-[4.5] index are similar for all classes of nebulae, there is a 
tendency for LMC sources to be concentrated about [3.6]-[4.5] ~ 0.8 
mag. This trend is even more apparent in Fig. 7, where we compare 
trends for all three categories of source. The nebulae in the upper 
three curves correspond to sources which have been detected in all 
four of the IRAC bands; that is, they correspond to exactly the same 
sample of PNe as is represented in Fig. 5. It is apparent, for these 
cases, that whilst the LMC sources peak within a range ∆([3.6]-[4.5]) ~ 
0.6 mag, the distributions for GDPNe and GBPNe are very much 
broader.  
 
Some clue as to what might be happening may be determined when 
one plots the distribution of LMC sources having no 5.8 or 8.0 µm 
emission, as is the case for the lowermost curve of Fig. 7. In this case, 
the sources are again located within a narrow range of colours, but 
peak at indices close to [3.6]-[4.5] ~ 0.1 mag. There are several 
possible explanations for these trends. 
 
In the first place, we note that nearly half of the Spitzer PNe appear to 
have no MIR dust emission at all (see e.g. Stanghellini et al. 2007); in 
which case 5.8 and 8.0 µm fluxes may fall below levels of Spitzer 
detectability. Such nebulae are also likely to have [3.6]-[4.5] indices 
which are quite distinct from those of their more dusty counterparts – 
and perhaps similar to what has been noted in our analysis above.  
 
Models of radiatively accelerated AGB mass loss also suggest that low 
dust-producing progenitors may also have lower rates of mass-loss 
(see e.g. Winters et al. 2000; Sedlmayr & Dominik 1995); a situation 
which may result in lower levels of shorter-wave bremsstrahlung 
emission, and a dominance by the stellar continua.  
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Finally, we note that low [3.6]-[4.5] indices may also ensue where shell 
and progenitor masses are intrinsically smaller, and/or where the 
nebulae are highly evolved, shell surface brightness are small, and the 
nebulae fall, yet again, below levels of instrumental detectability (see 
our further discussion in Sect. 7). 
 
By contrast, the source completeness limits for the bulge and disk 
sources are very much less severe, and the upper two curves of Fig. 7 
contain both categories of source – nebulae in which shell emission is 
weak, and central star continua are relatively strong, and where the 
reverse is the case, and fluxes are dominated by shell components of 
emission alone. This leads to the prominent double-peaked profile for 
the bulge sources, and the comparatively broad distribution of sources 
noted for disk PNe. 
 
Having said this, Hora et al. (2008) have noted that sources having 
large values of [4.5]-[8.0] also tend to have somewhat smaller indices 
[3.6]-[4.5] – a feature which is apparent in Fig. 5 where [4.5]-[8.0] > 3. 
They suggest that this may arise because of strong 3.3 µm PAH band 
emission, and/or the contribution of the Pfγ transition at 3.74 µm, both 
of which are located within the 3.6 µm channel. Where this is the case, 
then it is apparent that it may contribute to sources having intermediate 
values of [3.6]-[4.5] (although the influence of Pfγ is likely to be small, 
not least because increases in the strength of this particular transition 
will be more than offset by the contribution of Brα in the 4.5 µm band). 
 
The distributions of sources with respect to the [4.5]-[8.0] colour axis, 
by contrast, appear to be much more similar – all classes of nebulae 
have similarly broad ranges of scatter. Here again, however, whilst the 
trends in source fraction (illustrated in Fig. 8) confirm that this is the 
case, there are also far from negligible differences. The LMC sources 
tend to be weighted towards larger values of the index, the bulge 
sources more inclined towards lower indices, and the GDPNe extend 
over the full range of indices, from the very small (~ 0.1) to the very 
large (~ 5). 
 
These differences can, yet again, be partially attributed to the detection 
limits of the Spitzer SAGE survey. Given that we are including only 
those nebulae in which all four bands have been detected, it is 
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apparent that LMC sources having lower 5.8 and/or 8.0 µm shell 
emission fall outside of the sample illustrated in Fig. 8. The excluded 
sources are likely to include a large fraction of nebulae in which central 
star continua are appreciable, and [4.5]-[8.0] colours are reduced. 
 
4.2 The [3.6-[4.5]/[5.8]-[8.0] and [5.8]-[8.0]/[4.5]-[8.0] Colour Trends 
 
The final two colour diagrams are illustrated in Fig. 6, and show the 
most radical differences in colour between the nebulae considered 
here. Considering firstly the [3.6]-[4.5]/[5.8]-[8.0] distribution, it is 
apparent that whilst the bulge and disk nebulae extend over a range -
0.2 < [5.8]-[8.0] < 4, with a few outliers extending as high as [5.8]-[8.0] 
~ 5, the LMC nebulae are strongly truncated to the range [5.8]-[8.0] < 2. 
This is even more clearly apparent in Fig. 8, where it is seen that the 
peak in LMC sources is narrow, and centred close to [5.8]-[8.0] ~ 1.75. 
There are at least three possible reasons for this disparity in colours. In 
the first place, a large fraction of LMC nebulae appear to possess no 
MIR dust emission at all. This is likely to introduce variations in colours 
similar to those noted above (see Sect. 6).  
 
Most of the LMC nebulae appear to possess spectra dominated by 
carbon-rich dust emission features, however (Stanghellini et al. 2007). 
For these cases, it may be that 7.7 and 8.6 µm PAH features within the 
8.0 µm band are very much weaker than the 6.2 µm feature within the 
5.8 µm band. This may also be allied to weaker dust continuum 
emission with the 8.0 µm band. 
 
Alternatively, it is possible that PAH emission within the 5.8 µm band is 
relatively stronger, and uniquely responsible for the reduction in [5.8]-
[8.0] indices. 
 
There is in fact some further evidence that this latter mechanism may 
be responsible for explaining these disparities. When one compares 
the [5.8]-[8.0] and [4.5]-[5.8] colours, as in the lower panel of Fig. 6, 
then it is apparent that whilst the [5.8]-[8.0] indices are much reduced 
within the LMC nebulae, the [4.5]-[5.8] indices are significantly higher. 
This suggests that it is the [5.8] magnitudes which may be appreciably 
truncated. 
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Finally, it is worth noting that the range of [4.5]-[8.0] indices is similar in 
all categories of source (see Figs. 5 & 8). Given that there is no PAH 
emission within the 4.5 µm photometric band, this suggest that levels 
of 7.7 and 8.6 µm PAH emission are at least comparable, if not 
necessarily the same. 
 
It is therefore possible that the strength of the 6.2 µm PAH and plateau 
features are relatively larger in LMC nebulae as compared to their 
strengths in the Galactic bulge and disk PNe. 
 
We shall discuss these trends further in Sect. 7, where it will be pointed 
out that a variety of mechanisms may be responsible for modifying the 
PAH emission band strengths. 
 
A final interesting aspect of the distribution in Fig. 6 relates to the 
Galactic disk components themselves. It will be noted that the Acker et 
al. (1992) disk sources, represented by the black diamonds, have a 
distribution which is not very much different from that of their MASH 
counterparts (represented by the squares). This result differs from that 
noted in previous studies of these nebulae (Cohen et al. 2007a), where 
it was determined that the colour range of MASH PNe was very much 
smaller than those of the Acker et al. sources.  
 
5. Near-infrared Colour distribution 
 
The distribution of 2MASS indices for bulge and LMC PNe is illustrated 
in Fig. 9, wherein we also indicate the trends observed for GDPNe 
(Ramos-Larios & Phillips 2005). The indices include all of the sources, 
irrespective of whether they were detected in longer wavelength 
Spitzer photometry or not, and are located within a couple of arcsecs of 
the specified PNe positions. 
 
It can be seen that whilst a reasonable fraction of the colours appear to 
correspond to heavily reddened PNe bremsstrahlung emitting shells 
(most of those having H-KS > 0.65 mag), the larger part of the LMC 
detections appear to concentrate close to J-H ~ 0.5 mag, H-KS ~ 0.15 
mag, or along a diagonal line to the upper right-hand side of this 
grouping. If our identifications are correct, it would therefore seem 
likely that most of these sources have fluxes dominated by the central 
star continua, and are experiencing varying levels of interstellar 
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reddening. Where this is the case, and one employs the extinction 
coefficients of Gordon et al. (2003), then this would give LMC 
extinctions of ≈7 mag or so. 
 
The bulge nebulae, on the other hand, tend to be congregated close to 
J-H ~ 1.25 mag, H-KS ~ 0.54 mag – a situation that can again be 
interpreted in terms of stellar dominated continua, and high levels of 
extinction. Where this is the case, and assuming that reddening can be 
approximated by the prescription of Cardelli et al. (1989) for RV = 
AV/EB-V = 3.1, then this implies that extinction for the main body of the 
sources is of order AV = 11.6 mag. The differential extinction between 
these groups of nebulae, the LMC sources on the one hand and the 
GBPNe on the other, would then appear to be of order ∆AV ~ 4.6 mag. 
However, it should be noted that there is evidence that values of RV 
towards the Galactic centre may be much less than supposed above, 
with Walton et al. (1993) finding RV = 2.3, and Ruffle et al. (2004) 
determining RV = 2.0. If this latter value is adopted, then mean values 
of AV would climb to ~15 mag or so. 
 
All of these estimates of extinction seem to be somewhat on the large 
side, however. For instance, the bulge sources of Gutenkunst et al. 
appear to have typical extinctions of close to C ~ 2, which would imply 
AV ~ 4.25 mag for RV = 3.1. Similarly, we note that LMC planetaries 
seem to have typical extinctions <EB-V> ≅ 0.13 mag (Villaver et al. 2003, 
2004), which might imply values AV ≅ 0.44 where one uses RV = 3.41 
(Gordon et al. 2003). So on this basis, and with these lower extinctions, 
it is clear that the difference in extinction would be of order AV(GBPNe)- 
AV(LMC) ~3.8 mag, and somewhat larger than this if the lower values 
of  RV  for the Galactic bulge are employed. 
 
So it seems that whatever way one spins the coin, the mean difference 
in extinction between bulge and LMC PNe is likely to be ~4 mag or so. 
However, the difference in the absolute values of these extinctions is 
certainly troubling, and brings into question whether the supposedly 
stellar dominated sources might not contain appreciable levels of 
plasma emission, or whether some of these apparent identifications 
refer to differing sources altogether; perhaps later G-M stars in the line-
of-sight. It follows that the present 2MASS results, and the 
corresponding NIR photometry of Hora et al. (2008) should be treated 
with a certain degree of caution. 
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6. Discussion 
 
It is clear, from Sects. 4 & 6, that we are observing a broad range of 
shell emission mechanisms within the MIR; processes which result in 
bremsstrahlung emission, central star continuum emission (both of the 
latter particularly strong at 3.6 and 4.5 µm), permitted and forbidden 
line emission, and (most probably) various shocked and/or 
fluorescently excited transitions of H2. The dominant components at 
longer wavelengths, however, are likely to be the PAH band features, 
gaseous thermal continuum emission, and underlying smooth 
components of continuum arising from amorphous carbon or silicate 
grains. Given that many of the latter particles are located within PDRs, 
and that the PDRs may extend a considerable distance from the 
central ionised zones, then this may explain the broad increases in 
source size observed at longer IRAC wavelengths, detected both in the 
present nebulae (Phillips & Ramos-Larios 2009, in preparation) and in 
other PNe (see e.g. Phillips & Ramos-Larios 2008a, b).  
 
Such mechanisms also go a long way to explaining the large ranges of 
colour index noted in Figs. 5-6. Generally speaking, whilst dust 
continuum and PAH emission will tend to shift PNe towards larger 
values of [4.5]-[8.0], H2 and ionized gas emission will tend to force 
sources in a reverse direction. Similarly, whilst PAH and ionized gas 
emission tends to reduce indices [3.6]-[4.5], dust continuum emission 
would tend to lead to a reverse effect. 
 
Given that various of these mechanisms are compositionally 
dependent, then it might be anticipated that the distributions of colours 
might also vary between the groups of sources considered here. Thus 
for instance, it is well established that PN abundances in the 
Magellanic Clouds follow the trends detected for a variety of other 
sources, including stars and HII regions, and imply abundances which 
are significantly less than those of their Galactic counterparts. Such 
differences in abundance are also likely to be reflected in the 
peculiarities of their MIR spectra, noted for instance in the Spitzer 
analysis of Stanghellini et al. (2007). It appears from this that nearly 
half of their sources show no MIR dust emission at all, and that MIR 
indices are likely to be dominated by gas thermal continua and line 
contributions. Where dust band emission is detected, then it appears 
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that most of the sources contain SiC or PAH emission components; the 
incidence of silicate features is relatively small. 
 
Similarly, whilst the metallicities of GBPNe are somewhat larger than 
those for GDPNe, it appears that carbon abundances may be 
somewhat less (Wang & Liu 2007; Casassus et al. 2001). This may 
contribute to the larger incidence of silicate features in the MIR spectra 
of these sources – indeed, they are present in all of the GBPNe which 
have been analysed so far (Gutenkunst et al. 2008; Perea-Calderón et 
al. 2009).  
 
Having said this, however, it is apparent that the bulge sources contain 
a larger proportion of nebulae in which carbon-rich features (e.g. the 
SiC band at 10.5-12.7 mm; see e.g. Forrest et al. 1975; Anderson et al. 
1999; Casassus et al. 2001) and oxygen-rich features (such as the 
crystalline silicate features at 26-37 µm; see e.g. Molster et al. 2002) 
are observed within the self-same shells (Gutenkunst et al. 2008; 
Perea-Calderón et al. 2009) – a trend which appears to be much more 
common than is the case for GDPNe. This may arise because the 
incidence of binary induced morphologies is larger in the bulge (viz. 
Zijlstra 2007), and as a result of the tendency for many bipolar sources 
to have inner C-rich bipolar outflows, surrounded by outer O-rich tori 
(see e.g. the discussion of Gutenkunst et al. 2008). The crystalline 
silicate features may arise where AGB winds impact these tori and 
anneal the dust (Edgar et al. 2008). It has also been suggested that 
late thermal pulses at the end of the AGB phase may lead to changes 
in C/O ratios within the flows (Waters et al. 1998); that evaporation of 
Oort-belt comets may release crystalline silicates (Cohen et al. 1999); 
and that various other processes involving binary systems, variations in 
hot-bottom burning, and brown dwarfs or planets may also explain 
these trends (see the slightly more detailed discussions of Gutenkunst 
et al. (2008) and Perea-Calderón et al. (2009), and references therein). 
It is therefore clear that there is no shortage of explanations, but still as 
yet little understanding of these trends. 
 
So, there is considerable evidence for compositional differences 
between GDPNe, GBPNe and LMC PNe, and the question arises as to 
whether such variations are also reflected in the colour-colour 
diagrams described in Sect. 4. 
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We have already pointed out that there appear to be marked 
differences in distribution with respect to the [3.6]-[4.5] and [4.5]-[8.0] 
indices (see Figs. 5-8). The LMC sources tend to be more narrowly 
peaked, and located towards higher values of these indices, for 
instance. It was pointed out however that such trends may occur where 
one is excluding shells in which MIR dust emission is reduced, and 
5.8 µm and/or 8.0 µm intensities are small; a result which applies to 
nearly half of the LMC nebulae investigated by Stanghellini et al. (2007) 
This results in the elimination of sources in which stellar continua may 
be important, and/or possess 3.6 and 4.5 µm fluxes which are affected 
by a differing balance of emission mechanisms (e.g. reduced 
bremsstrahlung and/or 3.2 µm PAH emission), leading to [3.6]-[4.5] 
and [4.5]-[8.0] indices which are correspondingly reduced. 
 
A similar analysis for more evolved sources suggests that comparable 
trends would apply for these sources as well. As nebulae evolve 
towards their turn-over points in the HR plane, where hydrogen burning 
ceases, then central star temperatures increase (e.g. Vassiliadis & 
Wood 1994)) and absolute magnitudes M become larger (i.e. MIR and 
visual fluxes decrease; e.g. Schonberner 1981), even though 
bolometric luminosities remain more-or-less the same. Beyond this 
stage, however, the central star luminosities and temperatures go into 
a sharp decline, stellar absolute magnitudes remain more-or-less 
invariant, and shell surface brightnesses decline as ∝ R-5 (where R is 
the radius of the nebula). The surface brightnesses of the shells are 
therefore expected to decline very rapidly indeed, and will eventually 
fall below levels of instrumental detectability. The stellar MIR fluxes, by 
contrast, would remain more-or-less invariant, and eventually dominate 
fluxes in the shorter wave IRAC passbands. 
 
It therefore follows that the exclusion of intrinsically fainter (or lower 
surface brightness) nebulae removes sources which would normally 
occupy lower ranges of the [3.6]-[4.5] and [4.5]-[8.0] colour regimes. 
 
Having stated all of this, however, and taken note of other 
observationally driven biases as well, it is nevertheless apparent that 
there are intrinsic similarities and differences between the various 
nebular groupings. On the one hand, it is clear that despite the partial 
sampling of LMC nebulae, the 3.6 µm luminosity function for these 
sources is similar to that of the GBPNe. Similarly, it is noted that the 
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LMC PNe, GBPNe and GDPNe extend over similar ranges of index 
[4.5]-[8.0] – although there appear to be proportionately more GDPNe 
at the very highest values of this index (> 4).  
 
Perhaps the sharpest disparities, however, are those noted in the [5.8]-
[8.0] and [4.5]-[5.8] colours. There are at least two possibilities for 
explaining these results. In the first place, and as noted above, nearly 
half of the LMC spectra of Stanghellini et al. (2007) appear to contain 
no MIR dust emission at all – a complete contrast to what has so far 
been observed for Galactic bulge and disk PNe. So for these sources, 
at least, it is clear that emission would be dominated by 
bremsstrahlung continuum and forbidden line emission, including the 
strong transitions of [ArII] 6.99 µm, [ArV] 7.90 µm and [ArIII] 8.99 µm. 
Permitted transitions of HI, and various transitions due to H2 may also 
contribute to the mix. The net result would be for limits upon the [5.8]-
[8.0] and [4.5]-[5.8] indices which are consistent with those noted in Fig. 
6. However, this situation is likely to apply to less than half of the LMC 
sources considered here, whilst many of them are likely to have 5.8 
and 8 µm fluxes which exclude from the colour-colour analysis 
described above (i.e. causes them to fall below the Spitzer SAGE 
detection limits). The question then arises as to how one might explain 
the carbon dominated spectra of most of the other PNe – that is, those 
spectra in which PAH features dominate our present IRAC fluxes.  
 
To understand what might be happening in the latter case, we note first 
that emission at 4.5 µm is likely to be influenced by various atomic and 
ionic transitions (such as Brα, the forbidden lines [Ar VI] and [Mg IV] 
close to 4.53 µm, and the shock or fluorescently excited v=0-0 S(8) 
and S(9) lines of H2 at λλ4.69 and 5.05 µm), as well as by free-free and 
bound-free plasma emission. There are however no PAH band 
features, such as are observed in the other IRAC passbands. It 
therefore follows that the [5.8]-[8.0] and [4.5]-[5.8] indices are likely 
telling us something about the relative strengths of the 6.2 PAH feature 
in the 5.8 µm band, and the 7.7 and 8.6 µm features in the 8.0 µm 
band – not to mention the related, and much broader plateau 
components which are associated with these contributions. It was 
argued, in Sect. 4.2, that the fact that the LMC sources tend to have 
highly restricted (and low) values of [5.8]-[8.0], larger values of [4.5]-
[5.8], but rather similar indices [3.6]-[8.0], may be indicative of 
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enhanced 6.2 µm PAH emission – that the LMC sources have larger 
6.2µm/(7.7µm+8.6µm) PAH ratios than is the case for the GDPNe and 
GBPNe 
 
This, should it be the case, may arise from differences in the natures 
and dimensions of the PAH particles, and depend upon whether they 
contain smaller aggregates of C atoms such as coronene, or represent 
larger structures such as dicoronene (see e.g. Léger & d’Hendecourt 
1988). It also depends upon whether the PAH atoms are neutral or 
ionised.  
 
Where ionisation is important, for instance, then this will tend to 
enhance C-C stretching vibrations, such as are principally responsible 
for the 6.2 µm PAH band feature (see e.g. Peeters et al. 2002, and the 
related laboratory work of Allamandola et al. 1999). The transitions 
responsible for the 7.7 and 8.6 µm features, by contrast, correspond to 
C-H in-plane bending modes (in the case of the 8.6 µm feature), and 
combined C-H in-plane bending and C-C stretching modes (for the 
remaining transitions). Ionisation of the particles may therefore shift 
PAH strengths in the direction noted for our LMC nebulae. 
 
It has also been noted that small PAH grains and clusters possess 
differing levels of emission for the 6.2 µm feature on the one hand, and 
the 7.7 and 8.6 µm features on the other, with ratios 
I(7.7µm+8.6µm)/I(6.2µm) tending to be larger in the case of larger PAH 
clusters having 100-1000 C atoms (see e.g. Rapacioli, Joblin & Boissel 
2005; Berné et al. 2008). 
 
It would therefore appear that a multiplicity of mechanisms might cause 
variations in relative PAH emission band strengths, and explain the 
differences in the MIR colour planes noted in this work. Broadly 
speaking, where the properties of grain populations vary, and/or 
conditions of ionisation are modified, then one might expect 
corresponding changes in relative PAH band strengths. 
 
Such variations in grain properties might be expected to occur where 
there are changes in source metallicity, such as appear to arise 
between the LMC and Galactic PN outflows (see our comments in Sect. 
1), whilst one might also expect to observe differences in underlying 
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levels of grain continuum emission; in central star properties (see e.g. 
the evolutionary curves of Vassiliadis & Wood (1994) for differing 
progenitor metallicities); in line emission characteristics, and, 
conceivably, in the masses of the nebular shells.  
 
Thus for instance, given that dust/gas mass ratios appear to be 
surprisingly similar for all metallicities of outflow (see e.g. Phillips 2007), 
then it is arguable that Magellanic sources would show a higher level of 
elemental depletion – that is, an increase in the fractional masses of 
heavier elements which are contained within the dust, and a 
corresponding reduction in gas phase abundances for the lower 
metallicity sources (Phillips 2007). This would likely lead to 
corresponding changes in the permitted and forbidden line spectra. 
 
Similarly, differences in metallicity would plausibly influence grain 
formation properties within the flows (see e.g. the discussion by 
Ferrarotti & Gail (2006) of dust formation in C- and O-rich 
environments, and Sedlmayr & Dominik (1995) for the physics and 
chemistry involved radiatively driven outflows), and this may account 
for the lower fractional masses of PAH type grains in lower metallicity 
environments (see e.g. Draine et al. 2007). 
 
Further testing of such hypotheses is possible through MIR 
spectroscopy of the sources, and it would be of interest to obtain a 
larger sample of such observations than is currently available. 
 
Finally, and as mentioned above, it is fascinating to note that [4.5]-[8.0] 
indices for LMC and Galactic nebulae are reasonably similar. This is 
perhaps somewhat unexpected given our discussion above – although 
it is possible that a combination of lower shell masses and PAH 
fractional masses may lead to compensating reductions in 4.5 and 8.0 
µm emission, and comparable values for [4.5]-[8.0].   
 
7. Conclusions 
 
We have undertaken a comparative analysis of the magnitudes and 
colours of GBPNe, GDPNe and LMC PNe based upon data products 
deriving from the GLIMPSE II and SAGE Galactic Legacy Programs. 
This has permitted us to determine that the 3.6 µm luminosity function 
for LMC PNe is similar to that of their Galactic bulge counterparts – 
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and within the uncertainties engendered by incompleteness of the LMC 
sample. The colour-colour distributions of the sources are also for the 
most part similar, although with differences (in the case of [3.6]-[4.5]) 
arising from incompleteness of the LMC sample. 
 
The only exceptions to this trend appear to be in the [4.6]-[5.8] and 
[5.8]-[8.0] indices. The LMC nebulae tend to be confined to higher 
values of the [4.6]-[5.8] index, for instance – much larger than is the 
case for the bulge and disk PNe. By contrast, the [5.8]-[8.0] index 
tends to be significantly lower. This difference between the LMC and 
Galactic sources may arise due to enhanced PAH band emission 
within the 5.8 µm photometric channel, suggesting that the nature of 
PAH excitation, or of the PAH grains themselves, may differ between 
these differing categories of source. Alternatively, such a situation may 
reflect the fact that a large proportion of LMC nebulae appear to 
contain very little MIR dust emission at all, leading to a dominance by 
permitted and forbidden line fluxes, stellar continua, and 
bremsstrahlung emission. 
 
Previous analyses of MASH sources appeared to indicate that many of 
them were located within a highly restricted regime of the [3.6]-
[4.5]/[5.8]-[8.0] colour plane; a regime which was much more 
constrained than that of less evolved GDPNe, such as the sources 
listed in the catalogue of Acker et al. (1992). 
 
Our present results do not confirm this trend, but rather indicate that 
the Acker et al. (1992) and MASH sources have similar colours. 
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Table 1 
 
 MIR Photometry of Acker and MASH Planetary Nebulae 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
G.C. CAT. NAME [3.6] σ3.6 [4.5] σ4.5 [5.8] σ5.8 [8.0] σ8.0 
   mag mag mag mag mag mag mag mag 
G000.0-01.3 MASHI PPA1751-2933 12.92 0.05 12.08 0.04 10.73 0.10 7.31 0.01 
G000.1-01.7 MASHI PHR1752-2941 11.71 0.08 11.37 0.02 11.52 0.07 7.92 0.01 
G000.1-01.1 ACK M 3-43 10.43 0.30 9.53 0.09 8.29 0.07 5.85 0.06 
G000.1+01.9 MASHI PHR1738-2748 11.51 0.03 11.68 0.05 11.69 0.06 11.20 0.23 
G000.2-01.9 ACK M 2-19 10.65 0.14 10.83 0.13 9.94 0.09 9.00 0.01 
G000.4-01.9 ACK M 2-20 10.16 0.11 9.80 0.12 9.18 0.06 7.13 0.06 
G000.5-01.6 ACK Al 2-Q 12.54 0.05 11.82 0.03 12.92 0.06 10.12 0.01 
G000.6-01.3 ACK Bl 3-15 10.20 0.02 10.55 0.02 9.59 0.01 8.48 0.02 
G000.8-01.5 ACK Bl O 10.95 0.02 11.06 0.01 9.47 0.01 8.14 0.02 
G000.9-02.0 ACK Bl 3-13 12.67 0.14 11.36 0.11 11.86 0.05 8.71 0.09 
G001.0-01.9 MASHI PHR1755-2904 13.58 0.38 11.36 0.01 11.76 0.04 7.39 0.02 
G001.0+01.9 ACK K 1- 4 9.67 0.04 9.65 0.05 9.69 0.06 9.59 0.03 
G001.1-01.6 ACK Sa 3- 92 11.86 0.01 12.30 0.03 12.56 0.04 10.88 0.01 
G001.1-01.2 MASHI PPA1753-2836 7.89 0.02 8.15 0.02 7.89 0.02 7.07 0.02 
G001.3-01.2 ACK Bl M 11.12 0.04 10.91 0.01 10.41 0.02 8.77 0.02 
G001.7-01.6 ACK H 2-31 11.36 0.11 10.63 0.07 9.52 0.06 7.38 0.06 
G002.1-00.9 MASHI PHR1754-2736 10.16 0.02 9.46 0.02 8.54 0.02 5.59 0.02 
G002.2-01.2 MASHI PPA1755-2739 13.10 0.08 11.25 0.01 10.82 0.05 7.11 0.01 
G002.2+00.5 ACK Te 2337 10.48 0.02 9.42 0.02 8.02 0.02 4.99 0.02 
G003.5+01.3 MASHII MPA1748-2511 12.25 0.01 10.87 0.01 11.27 0.03 9.33 0.02 
G003.6-01.3 MASHI PHR1759-2630 11.20 0.01 10.14 0.03 10.05 0.01 7.25 0.02 
G004.0-00.4 MASHI PHR1756-2538 --- --- 9.19 0.02 8.88 0.04 7.34 0.01 
G004.3-01.4 MASHI PPA1801-2553 12.09 0.02 11.11 0.01 11.09 0.08 7.40 0.01 
G004.8-01.1 MASHI PHR1801-2522 10.47 0.02 9.39 0.01 9.20 0.05 5.85 0.01 
G006.1+00.8 MASHI PPA1756-2311 12.71 0.08 11.94 0.04 12.24 0.03 7.20 0.02 
G006.2+01.0 ACK HaTr 8 13.20 0.10 12.54 0.16 12.15 0.10 10.54 0.04 
G008.6+01.0 MASHI PHR1801-2057 --- --- 12.38 0.04 --- --- 7.04 0.02 
G352.6+00.1 ACK H 1-12 8.14 0.02 7.59 0.02 7.82 0.02 6.42 0.02 
G352.8-00.5 MASHII MPA1729-3513 9.47 0.01 8.39 0.02 7.45 0.02 5.99 0.02 
G352.8-00.2 ACK H 1-13 8.16 0.02 7.57 0.02 7.88 0.02 6.13 0.01 
G353.9+00.0 MASHI PPA1730-3400 9.55 0.01 8.98 0.02 8.48 0.01 7.53 0.01 
G355.6+01.4 MASHI PPA1729-3152 11.46 0.01 10.47 0.02 9.27 0.02 7.23 0.02 
G356.0-01.4 MASHI PPA1741-3302 13.01 0.06 11.51 0.03 11.68 0.11 8.30 0.01 
G356.5+01.5 ACK Th 3-55 12.12 0.02 11.53 0.02 11.63 0.03 9.99 0.02 
G356.9+00.9 MASHI PPA1734-3102 10.33 0.02 10.10 0.01 8.36 0.01 6.17 0.02 
G357.2+01.4 ACK Al 2-H 13.78 0.16 12.63 0.06 12.94 0.12 11.34 0.11 
G357.5+01.3 MASHI PPA1734-3015 11.61 0.02 11.27 0.03 9.04 0.01 7.15 0.01 
G358.2-01.1 ACK Bl D 10.72 0.02 9.86 0.02 9.72 0.02 8.05 0.02 
G358.3+01.2 ACK Bl B 10.56 0.01 10.59 0.02 9.72 0.01 8.21 0.01 
G358.8-00.0 ACK Te 2022 5.50 0.02 5.37 0.02 2.37 0.02 0.55 0.02 
G359.1-01.7 ACK M 1-29 9.79 0.02 8.96 0.01 9.03 0.02 7.34 0.02 
G359.2+01.2 ACK 19W32 8.83 0.01 8.84 0.02 6.93 0.02 6.19 0.02 
G359.3+01.4 ACK Th 3-35 10.92 0.10 9.62 0.07 8.95 0.05 6.55 0.04 
G359.3-00.9 ACK Hb 5 7.30 0.02 6.30 0.02 5.02 0.02 2.82 0.02 
G359.3-01.8 ACK M 3-44 10.39 0.23 9.88 0.13 8.23 0.07 6.57 0.14 
G359.7-01.8 ACK M 3-45 11.87 0.02 11.03 0.02 11.24 0.06 10.83 0.04 
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Table 2 
 
MIR Photometry of the Galactic Bulge Planetary Nebulae  
of Van de Steene & Jacoby (2001) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
G.C. JaSt [3.6] σ3.6 [4.5] σ4.5 [5.8] σ5.8 [8.0] σ8.0 
  mag mag mag mag mag mag mag mag 
G000.01-1.80 83 --- --- 11.09 0.20 --- --- 11.16 0.14 
G000.05+1.29 27 11.20 0.05 11.26 0.09 10.99 0.07 10.18 0.14 
G000.08-0.93 67 11.87 0.19 10.77 0.24 10.67 0.24 8.92 0.05 
G000.10-1.91 93 13.71 0.09 13.30 0.11 13.58 0.22 10.68 0.03 
G000.15-1.73 85 11.61 0.00 11.79 0.11 12.21 0.05 10.88 0.02 
G000.17-1.21 75 11.61 0.10 10.72 0.11 10.37 0.08 8.49 0.05 
G000.18-1.04 69 11.31 0.11 10.67 0.07 10.37 0.08 9.64 0.06 
G000.20-1.47 79 5.08 0.09 4.82 0.09 3.91 0.03 3.40 0.05 
G000.28+1.71 19 13.07 0.11 12.70 0.27 12.34 0.04 11.48 0.04 
G000.33-1.64 86 12.59 0.06 11.84 0.07 12.63 0.21 11.00 0.01 
G000.34+1.56 23 11.86 0.09 10.49 0.07 8.77 0.04 6.08 0.04 
G000.35+1.70 21 10.28 0.05 10.38 0.06 10.44 0.08 10.27 0.06 
G000.39+0.63 49 12.51 0.04 12.38 0.04 12.27 0.03 10.83 0.02 
G000.49+1.12 36 11.77 0.13 10.80 0.10 10.43 0.10 9.83 0.11 
G000.54+1.91 17 12.90 0.08 12.06 0.03 12.86 0.12 10.12 0.01 
G000.59-1.76 96 9.89 0.06 10.01 0.08 10.01 0.06 9.93 0.05 
G000.62-1.04 77 10.17 0.12 9.29 0.05 8.92 0.04 6.49 0.04 
G000.74-0.86 74 12.08 0.15 11.10 0.13 11.05 0.15 9.52 0.12 
G000.78-0.74 70 11.82 0.05 11.10 0.01 12.20 0.11 10.29 0.00 
G000.82+1.30 38 12.28 0.15 12.24 0.13 11.53 0.23 10.30 0.06 
G000.86-0.69 71 --- --- 10.14 0.12 --- --- 8.06 0.08 
G000.90+1.13 44 12.58 0.10 12.43 0.15 12.39 0.24 9.85 0.14 
G000.94-0.91 78 12.04 0.01 11.59 0.01 12.41 0.04 11.23 0.01 
G000.95-0.78 76 12.82 0.11 11.17 0.09 11.12 0.08 10.27 0.08 
G001.02+1.35 41 12.19 0.12 11.51 0.16 10.86 0.11 9.41 0.09 
G001.13+0.80 54 8.89 0.00 8.41 0.00 5.95 0.00 3.89 0.00 
G001.17+1.68 34 13.62 0.14 13.21 0.17 11.97 0.29 9.22 0.01 
G001.23+0.71 56 11.41 0.12 11.09 0.17 10.89 0.18 9.85 0.26 
G001.23+1.33 45 13.17 0.10 13.11 0.12 --- --- --- --- 
G001.28-1.26 95 13.17 0.10 12.13 0.11 13.23 0.07 10.35 0.01 
G001.38-1.08 89 12.29 0.07 11.97 0.02 12.77 0.03 11.39 0.06 
G001.58+1.51 46 11.83 0.09 10.59 0.06 10.08 0.05 7.76 0.04 
G001.60-1.00 90 11.00 0.11 11.02 0.12 10.40 0.10 9.98 0.19 
G001.60+1.58 42 12.43 0.02 11.71 0.24 11.32 0.13 8.26 0.06 
G001.71+1.30 52 11.11 0.05 10.37 0.06 10.18 0.06 7.77 0.03 
G001.86-0.53 81 11.05 0.06 9.95 0.05 9.05 0.06 7.15 0.03 
G002.03-1.38 98 10.91 0.03 9.97 0.05 8.47 0.02 6.43 0.02 
G358.02+1.56 1 13.31 0.17 13.07 0.06 13.60 0.16 12.35 0.01 
G358.17+0.55 11 12.84 0.05 12.78 0.05 12.68 0.07 10.63 0.16 
G358.31+0.27 24 11.71 0.01 11.55 0.03 11.70 0.03 9.86 0.01 
G358.40+1.73 2 12.50 0.15 12.30 0.16 10.87 0.09 10.30 0.01 
G358.44+1.66 3 12.70 0.12 12.06 0.25 11.22 0.14 11.02 0.04 
G358.51-1.74 64 10.34 0.04 9.38 0.05 8.63 0.03 7.01 0.03 
G358.60+1.70 4 14.01 0.22 12.88 0.06 13.97 0.19 11.18 0.05 
G358.63+0.75 16 11.88 0.16 10.65 0.16 10.92 0.16 8.78 0.21 
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Table 2 (cont.) 
 
 
 
 
 
 
 
 
G.C. JaSt [3.6] σ3.6 [4.5] σ4.5 [5.8] σ5.8 [8.0] σ8.0 
  mag mag mag mag mag mag mag mag 
G358.69-1.11 58 12.49 0.07 11.87 0.07 11.56 0.05 9.69 0.06 
G358.71+0.49 26 12.90 0.10 12.21 0.09 11.53 0.06 9.95 0.11 
G358.83+1.78 5 12.97 0.07 12.02 0.02 11.94 0.08 11.72 0.02 
G358.99-1.55 65 10.86 0.05 9.85 0.05 9.16 0.04 5.58 0.04 
G359.02+1.16 9 12.66 0.07 11.83 0.02 11.90 0.06 10.03 0.07 
G359.23+1.36 8 13.79 0.25 12.72 0.07 13.68 0.07 10.79 0.01 
G359.29+1.41 7 11.89 0.09 11.72 0.09 11.68 0.14 11.81 0.14 
G359.52-1.36 68 12.12 0.07 11.10 0.07 10.46 0.08 7.39 0.04 
G359.52-1.24 66 10.92 0.19 10.20 0.13 9.56 0.07 8.62 0.06 
G359.57+0.80 31 12.28 0.02 11.93 0.04 12.42 0.07 10.08 0.07 
G359.67-0.77 60 9.80 0.05 8.84 0.09 7.42 0.03 5.35 0.04 
G359.76-1.45 73 11.27 0.02 11.21 0.18 10.76 0.10 8.53 0.05 
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Figure Captions 
 
Figure 1 
 
The distributions of LMC nebulae (small blue disks) and Galactic bulge 
sources (large red disks) in the [3.6]/([3.6]-[8.0] magnitude-colour plane, 
where the magnitudes of LMC sources have been reduced to the value 
they would have in the Galactic centre. The dashed lines indicate the 
SAGE completeness limits for the LMC nebulae. As would be expected, 
there are relatively few LMC nebulae below the two dashed 
completeness limits, in a region where most of the GBPNe appear to 
be located. This suggests that most of the LMC PNe have yet to be 
detected. 
 
Figure 2 
 
As for Fig. 1, but for the [8.0]/([3.6]-[8.0]) plane. 
 
Figure 3 
 
The variation in normalised source numbers with 3.6 and 8.0 µm 
magnitudes. Notice how the 3.6 µm bulge and LMC trends are closely 
similar, whilst the trends at 8.0 µm are well separated. This latter 
difference is attributed to incompleteness in the LMC 8.0 µm sample. 
 
Figure 4 
 
A comparison of 4.5 and 3.6 µm magnitudes (filled diamonds), and 8.0 
and 3.6 µm magnitudes (open squares) for GBPNe (upper panel) and 
LMC PNe (lower panel). The sample is much greater in the lower panel, 
where it appears that there is little evolution of [3.6]-[8.0] colour indices 
with 3.6 µm magnitude, and a strict upper limit of [3.6]-[8.0] ≅ 3.8 mag 
upon the colours of the sources. The [4.5]-[3.6] trend is close to that 
expected for bremsstrahlung and central star emission, and this leads 
to two closely parallel (and overlapping) sequences of points – those 
corresponding to nebulae in which bremsstrahlung and line emission is 
dominant (upper points), and those in which stellar emission is 
important.  
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Figure 5 
 
Distribution of differing populations of planetary nebulae within the 
[3.6]-[4.5]/[4.5]-[8.0] colour plane, where the large red disks correspond 
to the Galactic bulge sources; diamonds to the Acker et al. (1992) 
Galactic disk sources; squares to the MASH GDPNe of Parker et al. 
(2006) and Miszalski et al. (2008); and the small blue disks to the LMC 
PNe – the latter results deriving from data presented in this paper, and 
photometry published by Hora et al. (2008). It will be noted that the 
differing categories of sources are similarity scattered throughout this 
plane. 
 
Figure 6 
 
As for Fig. 5, but for the [3.6]-[4.5]/[5.8]-[8.0] (top panel) and [5.8]-
[8.0]/[4.5]-[5.8] (bottom panel) colour planes. Note the sharp cut-off in 
LMC PNe above [5.8]-[8.0] ~ 2 mag (top panel), and how the LMC 
sources are largely confined to the lower right-hand side of the [5.8]-
[8.0]/[4.5]-[5.8] plane (bottom panel). 
 
Figure 7 
 
Distribution of differing categories of source with respect to the [3.6]-
[4.5] colour index. The lower curve represents the trend for sources in 
which there are no detections at 5.8 or 8.0 µm. 
 
Figure 8 
 
As for Fig. 7, but for the [4.5]-[8.0] (left panel) and [5.8]-[8.0] (right 
panel) colour indices. All of these sources are detected in the four 
IRAC bands. 
 
Figure 9 
 
The distribution of LMC PNe (filled diamonds) and GBPNe (open 
squares) in the NIR colour plane. The large, dashed diamond-shaped 
region indicates the region of reddened GDPNe, whilst the rectangle 
corresponds to the regime of de-reddened GDPNe (see Ramos-Larios 
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& Phillips 2005). The locus for main-sequence stellar colours is taken 
from Tokunaga (2000). It should be noted that sources to the left-hand 
side of the plane correspond to nebulae in which emission is 
dominated by central star continua, and that the disparity between the 
positions of the bulge and LMC sources indicates a difference in 
extinction of ∆AV ~ 6 mag. 
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